The influence of chitosaccharides on the symbiotic interaction between Bradyrhizobium and soybean was examined. The results show that chitosaccharides either positively or negatively affect soybean nodulation or plant growth depending on their molecular weight, concentration and the application methods. When directly added to the in vitro culture media, chitosan of high molecular weight inhibit Bradyrhizobium viability in a dose dependent manner while chitooligosaccharides reduce slightly the bacteria viability only at concentration equal or higher than 50 mg•L −1 . Chitooligosaccharides significantly enhance nodule formation and dry mass in soybean roots at doses between 10 and 100 mg•L −1 . Both types of chitosaccharides, at the highest doses (>500 mg•L −1 ), negatively affect plant height and root size, whereas medium doses (50 to 100 mg•L −1 ) increase slightly leave number. Under field conditions, foliar application of both chitosaccharides enhances growth and nodulation of soybean plants. Nevertheless, using this application method, chitosan remains more effective than chitooligosaccharides.
Materials and Methods

Preparation of Chitosaccharides
Two chitosan derivatives were prepared from a chitin polymer obtained, in turn, from lobster (Panulinus argus) exoskeleton: A chitosan polymer and chitooligosaccharides prepared by enzymatic hydrolysis of the polymer [12] [21].
Determination of Molecular Weight and Degree of Acetylation
The potentiometric determination of the degree of acetylation was carried out following the method given by [22] . The viscosity average molecular weight (M v ) determination of chitosan was performed using an Ubbelohde capillary viscometer (Ø = 0.5 mm) at 25˚C. The solvent was 0.3 M acetic acid/0.2M sodium acetate which does not form aggregates in this mixture and the average viscometric molecular weight was calculated using the ) and parameters at 25˚C are 7.9 × 10 −2 and 0.796 respectively [23] .
Size Exclusion Chromatography (SEC) Analysis
SEC analyses are carried out using a TSKgelG4000SWXL column (7.8 × 300 mm, TOSOH Co.) with a VISCOTEK size exclusion chromatograph and monitored using a VISCOTEK TDA302 triple detector array in the viscometer mode. The column is eluted with 0.3 M acetic acid containing 0.2 M sodium acetate at 35˚C, at 0.6 mL/min flow rate. Before injection, the samples are filtered through Sartorius filters (0.45 μm).
Thermogravimetric Analyses
Thermogravimetric analyses (Thermo-gravimetric analyser, TGAQ500, TA-instruments) are used to examine the thermal properties of COS and chitosan. Analyses are performed using ~5 mg powder sample and performed in a nitrogen gas atmosphere in platinum crucibles. The scanning rate is 20˚C•min −1 , from room temperature to 600˚C.
Mass Spectrometry Analyses of Chitooligosaccharides
MALDI-TOF mass spectra are recorded using a Waters QTOF Premier mass spectrometer (UMONS) equipped with a nitrogen laser, operating at 337 nm with a maximum output of 500 J•m −2 delivered to the sample in 4 ns pulses at 20 Hz repeating rate. Time-of-flight mass analyses are performed in the reflectron mode at a resolution of about 10,000. The COS samples are analyzed using a mixture between dihydroxybenzoic acid and dimethylaniline as an ionic liquid matrix (DHB/DMA).This matrix is prepared by dissolving 25 mg of DHB in 250 μL acetonitrile: water (1:1) and adding 5 μL of DMA. The matrix solution (1 μL) is applied to a stainless steel target and air dried. COS samples are dissolved in water to afford 1 mg•mL −1 solutions. 1 μL aliquots of those solutions are applied onto the target area already bearing the matrix crystals, and air-dried before adding 1 μL of NaI solution (2 mg•mL −1 , acetonitrile: water, 1:1). For the recording of the single-stage MS spectra, the ions are transmitted into the pusher region of the time-of-flight analyzer where they are mass analyzed with 1 s integration time. Data are acquired in continuum mode until acceptable averaged data are obtained.
Bioassays
Effect of Chitosaccharides on Bradyrhizobium elkanii Viability
Yeast extracted-manitol agar (YEM) media is amended with different volumes of each chitosaccharide samples, chitosan and COS, to reach the following final concentrations: 1, 10, 50, 100, 500, 1000 mg•L −1 . The pH is then adjusted and all solutions are autoclaved at 120˚C and 152 kPa, for 20 minutes. 20 mL of the sterile solutions are deposited, at room temperature, into Petri dishes. Every dish (5 per treatment) is inoculated by dissemination of 100 μL of a B. elkanii [6] liquid culture at the concentration of 1.22 × 10 9 units forming colonies (CFU) per mL (Strain ICA 8001). Dishes are incubated at 30˚C during 10 days. After incubation, the number of CFU•mL −1 is measured in every dish and the percentage of inhibitory activity is calculated using the formula IA = [(C-T)/C] × 100, where C is the number of colonies in the control and T is the number of colonies for the corresponding chitosan treatment.
Effect of Adding Chitosaccharides in the Culture Media of Soybean Plantlets
Soybean plantlets are growth from seeds (Cuban variety INCAsoy-27 [24] previously disinfected with ethanol (75%) and sodium hypochlorite (2.5%) for 5 minutes and rinsed six times with sterile distillated water. Seeds are germinated in Petri dishes containing water-agar (0.75%) for 3 days at 30˚C in the dark. Once germinated (15 -20 mm of root length), seeds-one seed per tube-are placed in glass tubes containing semisolid culture media and the chitosaccharides samples (1, 10, 50, 100, 500 and 1000 mg•L −1 ). After 7 days, plantlet roots are carefully inoculated with 1 mL of a Bradyrhizobium elkanii (ICA 8001 strain) culture at the concentration of 10 9 colony-forming units per mL (CFU•mL −1 ), grown in YEM liquid medium. Plantlets are cultivated during 37 days in a growth chamber under controlled conditions: light/dark sequences (16/8hours), temperature (25˚C) and humidity (70%) [25] .
Several nodulation variables, i.e. total number of nodules by plant, percentage of nodular effectiveness (by visualizing internal color of nodules) and dry nodular mass (g), are determined in 20 plantlets per treatment at 30 days after inoculation with B. elkanii. In addition, growth variables such as the number of trifoliate leaves, the height (cm) and the root length (cm) per plant, are determined after 30 days after inoculation (dai) with B. elkanii in 20 inoculated plantlets per treatment.
A completely randomized design is used in the experiment and the assay is performed in duplicates. Data are analyzed through a simple ANOVA method with the statistical program Statgraphics Plus 5.1 for Windows ©. Means with the same letters did not differ for p ≤ 0.05 in the Tukey HSD Test.
Effect of Chitosaccharides Foliar Sprayed on Soybean Plant Growth and Yield under Field
Conditions The experiments was conducted during March and May 2012 on one experimental site at the National Institute Agricultural Science (23˚00'N, 81˚12'OE, 138 mamsl), sited in 3 1/2 km of Tapaste main road, Mayabeque, Cuba. The soil of the experiment was Udic Haplustalf having total nitrogen 0.06%, organic matter 3.33%, available phosphorus 22.7 ppm, exchangeable potassium 0.2 meq%, carbon content of 2% and pH 7.0. The soil used was characterized by a neutral pH which is suitable for crop development and the establishment of the population of Bradyrhizobium. The content of organic matter, total nitrogen and carbon content is low, while assimilable phosphorus levels are high.
Soybean plants of the INCAsoy27 are grown from seeds, inoculated with Bradyrhizobium elkanii (2.5 × 10
) before planting in pots capacity of 1.5 m 2 . Plants are cultivated with the average daily temperatures ranged from 19˚C to 30˚C, while humidity and precipitation were also recorded with stockings that were in the range of 50% to 92% and 1.92 mm, respectively. Twice, at growing (V2 face) and flowering (R2 face) periods, plants are sprayed with chitosan or COS samples with 75 and 750 μg per plant, respectively, with the use of a backpack (16 L) . It is used as a treatment, inoculated with B. elkanii but without foliar application of chitosan plants. Intercultural and phytosanitary control operations such as irrigation, weeding and pest were followed during the evaluation period.
Twenty mature plants on production per treatment are used to measure nodulation (number and dry mass of nodules) and growth (height, leaves number, dry mass of aerial part). Some components of the yield (number of pods containing seeds per plant) were also evaluated, to 10 plants for blocks of each treatment). The experiment is performed as a random blocks design of four blocks conformed by twenty plants each one in each treatment and planting distance between plants of 0.075 m and between rows of 0.75 m, and repeated twice. Data are analyzed with ANOVA (p ≤ 0.05) and means are compared by using the Duncan Multiple Rank Test.
Results
Chitosacharide Characterization
For the present study, we thus intend to investigate the influence of the chitosaccharide structure on the symbiotic relationship between Bradyrhizobium and soybean. In particular, one of the most determining structural parameter is the molecular weight or the average molecular weight of the chitosaccharide. In this context, two different chitosaccharide samples, i.e. a chitosan polymer and a chitooligosaccharide (COS) mixture, have been selected and prepared following the step sequence chitin/chitosan/COS. Indeed, the chitosan polymer is readily prepared by deacetylation of chitin. Consecutively, the so prepared and characterized chitosan is submitted to enzymatic hydrolysis to afford the COS mixture, see experimental section. The average molecular weights as well as the degree of acetylation of both the chitosan and the COS mixtures are then measured and presented in Table 1 .
As determined by viscometry and confirmed by SEC Figure 1(a) , the MW of the chitosan polymer and the COS mixture are then estimated to amount to 130,000 and 1200 g•mol −1 , respectively. The complete disappearance of the chitosan trace when eluting the COS mixture also confirms the quantitative nature of the enzymatic hydrolysis procedure. Interestingly, whereas the degree of acetylation of the prepared chitosan polymer is measured at 12%, confirming then that chitosan is efficiently prepared for the starting chitin sample; no-residual acetylated groups remained longer detectable on the COS. The production of shorter chitosaccharide chains is also clearly demonstrated by comparing the important decrease of the intrinsic viscosity of solutions in acetic acid when passing from chitosan to COS (Table 1) .
Since the thermal properties of chitosan are also dependent on their molecular weight [26] [27], thermogravimetric analysis (TGA) can also be used to quickly validate molecular weight differences. As presented in Figure 1(b) , thermal degradation of both samples is clearly occurring at different temperatures, 232˚C and 287˚C for COS and chitosan, respectively. Also, it is important to note that only one major peak in the TG curves is observed for both chitosan and COS. This first definitively demonstrate the quantitative conversion of the chitosan polymer to shorter chains and could also indicate that the thermal degradation of chitosacharides is a simple one-step reaction.
In order to get more accurate data on the nature of the COS mixture, mass spectrometry analyses were then Table 1 . Molecular weight, viscosity and degree of acetylation of chitosan and COS. undertaken using matrix-assisted Laser Desorption/Ionization (MALDI) for the production of gas phase ionized COS. First, and as expected, the MALDI-TOF analysis of the chitosan polymer did not provide any results in close agreement with the chain length. On the other hand, the MALDI-TOF mass spectrum of the COS mixture is presented in Figure 2 and clearly demonstrates the presence of a chitooligosaccharide distribution. The mass difference between two consecutive signals amounts to 161u which corresponds to the residual mass of glucosamine, clearly identifying chitooligosaccharides. The spectrum also reveals that the COS mixture is mainly composed by fully deacetylated chitooligosacharides with DP's from 5 to 10. For the sake of information, it is important to remind here that the COS are detected upon MALDI as sodium-cationized adducts.
Direct Chitosaccharide Addition in the "in Vitro" Culture Media of B. elkanii and Soybean Seedlings
In the first bioassays, the effect of adding chitosaccharides (either the chitosan or the COS preparation) to the in vitro culture media of B. elkanii and soybean plantlets is addressed.
Effect on B. elkanii Cells Viability
The viability of B. elkanii cells growing in chitosaccharide-amended culture media is significantly modified depending on the structure and concentration of these molecules (Figure 3 ). At all doses tested, chitosan induced a significant reduction of bacteria growth. Actually, the highest doses even cause the complete inhibition of bacteria viability, showing a bactericide behaviour, since the initial bacteria presence is not maintained. However, in presence of COS, B. elkanii viability is only slightly reduced at concentration equal or higher than 50 mg•L −1 . The minor inhibition caused by COS is biologically irrelevant, since B. elkanii viability never decreases under the same exponential of CFU valour of the control. Consequently, by reducing chitosaccharides molecular weights, the inhibitory effect on B. elkanii viability is drastically impaired.
Effect on Soybean Plantlet Nodulation
The development of nitrogen-fixing nodules in soybean roots is the result of a successful signal exchange with a compatible rhizobacterium. Therefore, the symbiosis effectiveness can be estimated based on the amount of nodules formed on the roots, as well as by following their growth. The number and weight of nodules in roots of soybean plantlets inoculated with B. elkanii and growing in media containing different doses of chitosacharides are then evaluated as a marker of the symbiotic activity (Figure 4) . It is important to state that all nodules found in the experiment were effective.
As revealed in Figure 4 , the presence of the chitosan preparation, at least in the investigated concentration range, does not impact drastically the symbiotic activity since the number of nodules does not significantly change. Moreover, a minor reduction of the number of nodules is observed when the chitosan concentrations reach above 500 mg•L −1
. On the other hand, the total dry mass of nodules by plantlet slightly decreases with increasing chitosan concentration. At concentrations higher than 500 mg•L −1 , chitosan drastically hinders the development of soybean nodules resulting in a reduction of 2.5 fold of the dry mass of nodules when compared to untreated plants (control). We could tentatively explain the negative effects observed at higher doses by an enhanced toxic effect of chitosaccharides on B. elkanii and on plant cells. Indeed, induction of plant cell death by high doses of chitosaccharides has been previously reported [21] . Nevertheless, the effect of chitosan remains, in the tested concentration range, quite limited. A different behaviour is then observed when soybean plantlets are growing in media containing the COS preparation. Indeed, increasing the COS concentration results in gradual increases in the number and the dry mass of nodules with both values reaching a plateau at 100 mg•L −1 of COS. At this concentration, the number and mass of nodules are measured four times higher than in the untreated soybean plantlets (control). However, again with increasing concentration, a dramatic decrease in the number and dry mass of the nodules is significantly observed with recorded values at 500 mg•mL −1 similar to the chitosan case.
Effect on Soybean Seedling Growth
At the end of the "in vitro" experiments (30 days after B. elkanii inoculation), the vegetative growth parameters of soybean plantlets were evaluated ( Figure 5 ). Chitosan doses of 50 and 100 mg•L −1 added to the growth medium triggered a significant increment in the number of leaves over the control plantlets. However, at higher concentration (1000 mg•L −1 ), chitosan significantly reduces all vegetative growth parameters by almost 50% (Figure 5 left graph) . ) only slightly affect soybean root growth while other plant growth parameters show no significant differences in relation to control plantlets.
As the perception of chitosan by different plant structures could affect the response of growth and nodulation, an in vivo experiment to test a different mode of application is performed.
Effect of Foliar Application of Chitosaccharides on Soybean Nodulation and Growth under
Pots Conditions Under field plot conditions, foliar application of the chitosaccharides preparations on soybean plants also triggers different responses on vegetative growth parameters and nodulation ( Table 2) . Two concentrations used in the in vitro bioassay were selected for foliar spray application at field, depending on the results in nodulation and growth of seedlings, in order to understand the behaviour of these concentrations with a different application form. For instance, 50 mg•L −1 caused the maximum increase in the nodulation and growth of seedlings with both chitosaccharides, while 500 mg•L −1 caused nodulation reductions and lower values of growth. When chitosaccharides are applied by foliar spray, chitosan seems to be more effective than COS enhancing soybean nodulation and growth. The number and dry weight of nodules are significantly enhanced by chitosan applications irrespective of the doses tested. Foliar application of COS induces less effective modulating of soybean nodulation. Only the higher COS doses slightly enhance nodule number over control values while the dry weight of the nodules remains unchanged.
In correspondence with an improved nodulation, soybean plants sprayed with chitosan show better growth 
Discussion
The current work has been focused on the effect of chitosaccharides on the interaction between B. elkanii and soybean. The concentrations and doses of chitosacharides used at work were chosen of previous results of the laboratory and literature [25] [28] [29] .
In Figure 4 , the results showed that, the direct addition of chitosaccharides to the in vitro culture media of soybean plantlets let to a decrease of the number and the dry mass of nodules in the plants roots with increasing concentration of chitosan, while low molecular weight COS enhance both nodulation parameters at low and moderate concentrations. This result could be partially explained by the non-effect of COS on B. elkanii cell viability (Figure 3 ) and also by a plausible better "perception" of low molecular weight COS rather than polymeric chitosan by the plant cells. So, chitosaccharide size seems to be critical to modulate soybean nodulation.
The mechanism by which COS can increase nodulation is unknown. However, increased levels of isoflavones in seeds of soybean plants challenged with low acetylated COS preparations have also been reported [30] . Consequently, benefits provoked by COS treatment could also be the result of an indirect effect on the plant metabolism, such as increasing isoflavonoids at root level.
The antimicrobial activity of chitosan polymer on B. elkanii cells (Figure 3 ) appears determining in the negative effect of this polymer on soybean nodulation "in vitro". It is well known that chitosan inhibits bacterial growth [31] [32], however, the mechanism behind this effect is still not well understood. Usually, it is attributed to the polycationic character of the chitosan polymer at pH ≤ 6 where the amino group is positive charged. This polycation can interact with the opposite charges of phospholipids in the bacteria cell wall causing cellular disruption and even cell leakage [32] [33] . In this sense, differences in bacterial cell wall structure seem also relevant since Gram positive bacteria are more susceptible than Gram negative. In presence of chitosan, Gram positive bacteria cell walls are disrupted and broken followed by cell autolysis. Gram negative bacteria are more resistant since only minor retractions of the cell membrane in the presence of chitosan are observed and only higher doses of this biopolymer affect bacterial growth and viability [10] [32] . This could explain why B. elkanii (a Gram negative bacterium) viability is only reduced at chitosan concentrations above 500 mg•L −1 (Figure 3 ). To our knowledge, this is the first report showing chitosan antimicrobial activity in the Bradyrhizobium genus.
On the other hand, chitosaccharides can induce local and systemic resistance in plants [12] [34]. We have observed activation of defensive enzymes in the roots of soybean plantlets growing in a culture media containing this chitosan polymer (data not shown). A higher activity of these antimicrobial enzymes (at the highest polymer concentrations) could also prevent the entry of the symbiotic bacteria in plant roots tissues, as previously stated by [35] and [36] .
Enhanced and inhibited plant growth by chitosan derivatives have been previously reported for some species growing in vitro, as dependent on the concentration and the assayed plant species [37] [38] . In this work, it is demonstrated that the influence of concentration on plant growth is also affected by the molecular weight of the chitosan compound used.
A different response pattern is triggered by foliar spraying, where chitosan seems to be more effective than COS in enhancing soybean nodulation and growth ( Table 2) . Thus, while the antimicrobial activity of chitosan on B. elkanii cells appears determining on soybean nodulation when added directly in the culture "in vitro" media, it seems to be irrelevant when foliar sprayed on soybean plants. In fact, using this application technique, soybean nodulation is significantly boosted by chitosan.
Previous works in others plant species beyond soybean have reported the closure of plant stomata after foliar spraying of chitosan, dealing with a reduction in water lost by the plant. These authors considered this anti-transpirant effect as the main cause behind the enhanced effect on plant growth by chitosan [28] [39] . This could be, also, the main cause of the increments of height, dry mass of aerial part and of the number of pods found in plants applied with the chitosan polymer.
However, an activation of plant physiology should not be discarded, taking into account that, foliar spraying this polymer type causes rise of chlorophylls content, of phosphorus and nitrogen concentration in leaves and activates nitrate reductase enzyme, among other variables, justifies an activation of the photosynthesis and the intake of nutrients in soybean plants [29] [40] .
In short, results clearly revealed that, chitosaccharide structure and concentration, as well as the application method, seem to be key-parameters with regards to the modulating activities on soybean nodulation and growth. This result has great importance from a practical point of view since it would allow taking suitable decisions concerning the type of chitosan to be used, the concentration and the way of application in plants, when working with these bioactive polysaccharides in interaction with Bradyrhizobium biofertilizers.
